Although most mesotheliomas present with pleural effusions, it is controversial whether mesothelioma can be diagnosed with confidence in effusion cytology. Therefore, an ancillary marker of malignant mesothelial cells applicable in effusions would be clinically valuable. BRCA-1-associated protein (BAP1) is a tumor suppressor gene, which shows biallelic inactivation in approximately half of all mesotheliomas. We investigated whether loss of BAP1 expression by immunohistochemistry can be used to support a diagnosis of mesothelioma in effusion cytology. Immunohistochemistry for BAP1 was performed on cell blocks and interpreted blinded. 43 of 75 (57%) effusions associated with confirmed mesothelioma showed negative staining with positive internal controls. Of 57 effusions considered to have atypical mesothelial cells in the absence of a definitive diagnosis of mesothelioma, 8 cases demonstrated negative staining for BAP1. On follow-up six of these patients received a definitive diagnosis of mesothelioma in the subsequent 14 months (two were lost to follow-up immediately, and mesothelioma could not be excluded). Only 5 of 100 consecutive benign effusions were interpreted as BAP1 negative. One of these patients died soon after and mesothelioma could not be excluded. On unblinded review the four other patients with apparently negative BAP1 staining but no malignancy lacked convincing positive staining in non-neoplastic cells suggesting that BAP1 immunohistochemistry may have initially been misinterpreted. 47 effusions with adenocarcinoma were BAP1 positive. We conclude that loss of BAP1 expression, while not definitive, can be used to support the diagnosis of mesothelioma in effusion cytology. We caution that interpretation of BAP1 immunohistochemistry on cell block may be difficult and that convincing positive staining in non-neoplastic cells is required before atypical cells are considered negative. We also note that BAP1 loss is not a sensitive test as it occurs in only half of all mesotheliomas and cannot be used to exclude the diagnosis.
Although most mesotheliomas present with pleural effusions, it is controversial whether mesothelioma can be diagnosed with confidence in effusion cytology. Therefore, an ancillary marker of malignant mesothelial cells applicable in effusions would be clinically valuable. BRCA-1-associated protein (BAP1) is a tumor suppressor gene, which shows biallelic inactivation in approximately half of all mesotheliomas. We investigated whether loss of BAP1 expression by immunohistochemistry can be used to support a diagnosis of mesothelioma in effusion cytology. Immunohistochemistry for BAP1 was performed on cell blocks and interpreted blinded. 43 of 75 (57%) effusions associated with confirmed mesothelioma showed negative staining with positive internal controls. Of 57 effusions considered to have atypical mesothelial cells in the absence of a definitive diagnosis of mesothelioma, 8 cases demonstrated negative staining for BAP1. On follow-up six of these patients received a definitive diagnosis of mesothelioma in the subsequent 14 months (two were lost to follow-up immediately, and mesothelioma could not be excluded). Only 5 of 100 consecutive benign effusions were interpreted as BAP1 negative. One of these patients died soon after and mesothelioma could not be excluded. On unblinded review the four other patients with apparently negative BAP1 staining but no malignancy lacked convincing positive staining in non-neoplastic cells suggesting that BAP1 immunohistochemistry may have initially been misinterpreted. 47 effusions with adenocarcinoma were BAP1 positive. We conclude that loss of BAP1 expression, while not definitive, can be used to support the diagnosis of mesothelioma in effusion cytology. We caution that interpretation of BAP1 immunohistochemistry on cell block may be difficult and that convincing positive staining in non-neoplastic cells is required before atypical cells are considered negative. We also note that BAP1 loss is not a sensitive test as it occurs in only half of all mesotheliomas and cannot be used to exclude the diagnosis. Modern Pathology (2015) 28, 1360-1368; doi:10.1038/modpathol.2015.87; published online 31 July 2015 BRCA1-associated protein 1 (BAP1), encoded by the BAP1 gene at 3p21.1, is a nuclear ubiquitin hydrolase 1,2 involved in various cellular processes, including chromatin remodeling. 1,3 BAP1 behaves as a true tumor suppressor gene in accordance with the classic Knudson's two-hit model. 1 The discovery of germline BAP1 mutations in families with high incidences of mesothelioma and other neoplasms has led to the recent recognition of the BAP1 tumor predisposition syndrome (OMIM #614327), 4 which is inherited in an autosomal dominant manner and is characterised by uveal melanoma, mesothelioma, cutaneous melanocytic lesions, renal cell carcinoma, basal cell carcinoma, and possibly intrahepatic cholangiocarcinoma. 1, [5] [6] [7] [8] [9] [10] [11] Sporadic BAP1 loss has also been reported in a range of tumors including uveal melanoma, mesothelioma, and cutaneous melanocytic neoplasms. [12] [13] [14] [15] Pleural malignant mesothelioma is an uncommon neoplasm, which arises from the mesothelial lining of the pleura and is strongly associated with asbestos exposure. Patients usually present with non-specific symptoms such as dyspnea, chest wall pain, and pleural effusion, and are commonly diagnosed late in the disease process. 16 Mesothelioma carries a poor prognosis, with 3-and 5-year survival rates well below 15%. 17, 18 Although the association between mesothelioma and asbestos exposure is well established, only a minority of exposed individuals go on to develop mesothelioma, 19 and mesothelioma has also been observed to occur in family clusters. 20 These observations suggest a genetic predisposition to developing mesothelioma, and have led to the discovery of the association between germline BAP1 mutation and mesothelioma. 4 Furthermore recent studies have identified an association between somatic BAP1 inactivation and mesothelioma, with double-hit inactivation of BAP1 reported in approximately half of all mesotheliomas. 1, 13, 15, [21] [22] [23] Indeed, BAP1 appears to be the most commonly mutated gene in this neoplasm. 13 Quite severe reactive atypia may occur in benign processes such as local infection, pneumothorax, collagen vascular disease, drug reactions, trauma, or inflammation, and may closely mimic mesothelioma cytologically. 24 The definitive criterion for distinguishing malignant mesothelioma from benign processes remains the demonstration of an unequivocal invasive growth by atypical mesothelial cells-a feature that cannot be assessed in effusion cytology. [24] [25] [26] Therefore, it is controversial whether cytological analysis of effusions can be used to make a diagnosis of mesothelioma even in the presence of extreme atypia. 27 A large number of immunohistochemical markers performed on cell-block preparations from effusion cytology specimens have been proposed to support the diagnosis of mesothelioma. These ancillary markers include epithelial membrane antigen, p53, glucose transporter-1, and insulin-like growth factor-II mRNA-binding protein 3. [28] [29] [30] [31] [32] Although these markers may be of assistance in borderline cases, to date they have not proven sufficiently sensitive or specific for widespread routine clinical use. 29, 33 There is therefore an unmet clinical need for a highly specific marker of mesothelioma, which can be applied in cytology specimens.
Given the high rate of BAP1 double-hit inactivation in mesothelioma and its correlation with loss of BAP1 expression as determined by immunohistochemistry in tissue specimens, 21 we sought to investigate whether loss of expression of BAP1 as determined in cell-block preparations from pleural effusion specimens could be used to support a diagnosis of mesothelioma.
Materials and methods
The computerized database of the Department of Anatomical Pathology, Royal North Shore Hospital, Sydney, NSW, Australia, was searched for all cases of thoracic mesothelioma receiving a definitive histological tissue diagnosis between January 1991 and August 2014. The same database was searched to identify which of these patients also had effusion cytology specimens obtained at the time of, or before, primary tissue diagnosis. The results of immunohistochemical staining for BAP1 in these tissue biopsy samples has been previously reported. 21 We also searched for all cases of thoracic mesothelioma receiving a definitive diagnosis on effusion cytology alone without confirmatory tissue biopsy diagnosis for the period June 1998 to August 2014. Although considered definitive cases of mesothelioma, because of the current controversy as to whether mesothelioma can be diagnosis by cytology alone, these cases were analyzed separately.
As control cohorts, we identified consecutive cases of benign effusions and effusions containing adenocarcinoma from the calendar year 2010. We then identified a cohort of cases containing atypical mesothelial cells from patients without a confirmed tissue diagnosis of mesothelioma by searching for all pleural effusions reported as containing atypical mesothelial cells from June 1998 to August 2014, including only patients who had never received a tissue diagnosis of mesothelioma in our department. These cases were screened by an experienced pathologist (AJG) and cytology scientist (AS) to both confirm the diagnosis and to check that sufficient material remained in the cell-block preparation to permit immunohistochemistry. The study cohorts are summarized in Figure 1 .
Immunohistochemistry for BAP1 was performed on whole sections freshly cut from the cell-block preparations with a commercially available mouse monoclonal anti-BAP1 antibody (clone C-4, cat no sc-28383, Santa Cruz Biotechnology, USA) using previously described methods. 21 Briefly, slides were sectioned at 4 μm onto positively charged slides (Super frost plus, Menzel-Glaser, Germany) and the slides were stained on an automated platform-the Leica Microsystems Bond III autostainer (Leica Microsystems, Mount Waverley, Victoria, Australia). Heat induced antigen retrieval was used for 30 min at 97°C in the manufacturer's alkaline retrieval solution ER2 (VBS part no: AR9640) and the primary antibody was used at a dilution of 1 in 100. A biotinfree polymer-based detection system (Define, VBS part no: DS 9713) was employed.
Immunohistochemistry was interpreted by a single pathologist (AJG) in conjunction with an H&E stained section cut in parallel with the immunohistochemistry section. At the time of interpreting the immunohistochemistry, the pathologist was blinded to the underlying diagnosis. The target cells for immunohistochemical assessment were the atypical cells in cases where they could be distinguished from background benign mesothelial cells and all mesothelial cells when this distinction could not be made. Negative staining was defined as completely absent nuclear staining in the target cells in the presence of a positive internal control, Figure 2 ). Positive staining was defined as positive nuclear staining in at least some target cells, (applying an arbitrary cutoff of at least 5% of the presumed target cells)-illustrated in Figures 3 and 4 . If the target cells stained negatively but without a clear cut internal positive control, immunohistochemistry was considered noncontributory (that is, not negative, for the purpose of binary analysis).
This study was approved by the Northern Sydney Local Health District medical ethics review board. Non-thoracic (that is, abdominal) mesotheliomas were excluded from this study.
Results
Immunohistochemistry for BAP1 was performed on effusion cell blocks from 279 patients, comprising 59 patients with mesothelioma confirmed on tissue biopsy, 16 cases in which the diagnosis of mesothelioma was made on cytology specimens only, 100 consecutive benign effusions, 47 consecutive effusions containing adenocarcinoma and 57 effusions containing atypical mesothelial cells only. The results of immunohistochemistry are summarized in Figure 1 and Tables 1 and 2 . Briefly, in the cohort of 59 patients with biopsy confirmed mesothelioma, 32 (54%) showed negative staining for BAP1. The results of immunohistochemical staining in this cohort was concordant with the results of immunohistochemistry previously performed and reported 21 on the accompanying tissue biopsies in all but two cases, both of which were interpreted as positive in the effusions but negative in all the neoplastic cells in the biopsies. On unblinded review of the slides this discrepancy was thought to be due to positive staining in reactive mesothelial cells in the effusion samples, while the neoplastic cells were either not identified or inconspicuous in the effusion samples and therefore negative staining was not appreciated. In the cohort of 16 patients in which the diagnosis of mesothelioma was made solely by cytology, 11 (69%) showed negative staining for BAP1. That is 43 of 75 (57%) of all patients with a definitive diagnosis of mesothelioma and material available in cell block demonstrated negative staining for BAP1 ( Table 1) .
The results of BAP1 immunohistochemistry in patients with benign, atypical, or adenocarcinomarelated pleural effusions are presented in Table 2 . All 47 patients with adenocarcinoma in pleural effusions demonstrated positive staining for BAP1 in malignant cells. Of 100 consecutive patients with benign pleural effusions, 5 (5%) were interpreted as showing negative staining for BAP1 when scored blinded. The immunohistochemically stained slides on these patients then underwent unblinded review and further clinical information was sought, which is presented in Table 3 . Briefly, it was thought that one of the patients was likely to have had unbiopsied mesothelioma at the time of diagnosis (asbestos exposure, suggestive imaging, and died 12 months later of unknown cause) and this patient was thought to show true negative staining on review. There was no known clinical evidence of mesothelioma at 4-year follow-up for any of the remaining four patients (three of whom had other epithelial neoplasms all of which showed positive BAP1 staining on tissue biopsy). When the immunohistochemistry from these cases underwent unblinded review it was appreciated that in areas where the neoplastic cells were interpreted as negative, there was quite weak or absent staining in the internal positive controls in the non-neoplastic cells. That is, on unblinded Modern Pathology (2015) 28, 1360-1368 BAP1 in mesothelioma review, it was thought that the BAP1 staining may have initially been misinterpreted and perhaps should have been classified as non-contributory rather than negative.
Of the 57 pleural effusions that contained atypical mesothelial cells, 8 (14%) cases showed BAP1 loss. Further follow-up was sought on these patients and is presented in Table 4 . Briefly, six patients were confirmed to have mesothelioma on tissue biopsies or autopsies performed at other institutions over the subsequent 2-14 months. Tissue from these biopsies was not available for review to confirm the BAP1 status on the mesotheliomas. The remaining two patients with atypical mesothelial cells in pleural effusion and negative staining for BAP1 died of unknown cause shortly after the effusions were sampled (2 and 9 months later). Therefore, mesothelioma could be neither definitively excluded nor confirmed as the cause of their pleural effusions.
Discussion
Loss of immunohistochemical staining for BAP1 in the presence of an internal positive control in non-neoplastic cells has been proven to be a reliable marker of BAP1 double-hit inactivation in tissue samples from mesothelioma and uveal melanoma. 1, 13, 22 Given that double-hit inactivation of BAP1 has been reported as a key driver event in approximately half of all mesotheliomas, 1, 13, 15, 22, 23 loss of immunohistochemical staining for BAP1 is an attractive ancillary marker for mesothelioma with the potential to be highly specific, albeit not particularly sensitive. For example, recently Sheffield et al 29 mesothelioma, but did not investigate BAP1 staining in benign pleural disease. 21 However, to date BAP1 expression has not been studied in cytology samples in pleural effusion specimens, which is particularly important given both the propensity for mesothelioma to present with recurrent effusions and also the potential difficulty of interpreting BAP1 immunohistochemistry in cell-block preparations particularly given that the significance is placed on negative staining, which may occur artefactually.
In this study, when assessing BAP1 immunohistochemistry blinded as to the underlying diagnosis, we found negative staining in the presence of an internal positive control in 43 of 75 (57%) mesotheliomas comprising 32 of 59 (54%) cases with tissue biopsy confirmation and 11 of 16 (69%) cases where the diagnosis was made based solely on cytology. Given that we propose BAP1 immunohistochemistry as an ancillary marker in atypical cases, our group of 57 cases containing atypical mesothelial cells on which, even after review, we were unable to make a definitive diagnosis of mesothelioma, is particularly important. In this cohort, eight cases (14%) demonstrated negative staining, and six of these patients went on to have a confirmed diagnosis of mesothelioma while two of the cases (both of which had suggestive imaging) died shortly after meaning that mesothelioma could not be excluded. That is, our findings clearly indicate that negative staining for BAP1 in effusion cytology supports a diagnosis of mesothelioma.
However, benign pleural effusions greatly outnumber effusions due to mesothelioma, and, therefore, for an ancillary marker of malignant mesothelioma to have real clinical utility, it must be highly specific. It is concerning that 5 of 100 (5%) benign effusions were thought to show negative staining for BAP1 when interpreted blinded to the underlying diagnosis. Although one of these patients, who died 12 months later, may have had mesothelioma, the remaining four patients had no evidence of mesothelioma at up to 4 years follow-up. 
BAP1 in mesothelioma
That is these four patients would have been given a false-positive diagnosis of mesothelioma if the diagnosis was based solely on negative staining for BAP1. On unblinded review, it was thought that the negative staining may have been artefactual because staining in the internal positive controls was relatively weak or absent close to the atypical mesothelial cells, which were interpreted as negative. However, the fact remains that these cases were interpreted as negative even when the presence of an internal positive control was required when they were initially examined blinded as to the outcome. Therefore, because BAP1 immunohistochemistry may be difficult to interpret with certainty in pleural effusion specimens, loss of BAP1 expression even when interpreted by experienced observers, can only be used to support a diagnosis of mesothelioma in the appropriate clinical and morphological context and is not completely definitive when interpreted in isolation. From a practical point of view, we would, therefore, recommend BAP1 immunohistochemistry only be undertaken on cases that contain atypical mesothelial cells in which the diagnosis of mesothelioma is being strongly considered morphologically and in these cases loss of BAP1 expression can be interpreted as supporting the diagnosis of mesothelioma.
We note that none of 47 pleural effusions containing confirmed adenocarcinoma demonstrated loss of staining for BAP1, whereas BAP1 loss was found in 43 of 75 (57%) mesotheliomas. Therefore, in addition to supporting a diagnosis of mesothelioma over reactive mesothelial change in the appropriate context, loss of expression of BAP1 can also be used to support a malignancy as being mesothelial rather than epithelial. However, although BAP1 loss is rare in most epithelial malignancies, it has been reported in some cholangiocarcinomas and renal carcinomas and is common in some non-epithelial malignancies such as uveal melanomas. 1, [5] [6] [7] [8] [9] [10] [11] Therefore, this potential role for BAP1 immunohistochemistry should be considered in the appropriate clinical context based on which other neoplasms are in the differential diagnosis.
In conclusion, loss of BAP1 expression in effusion cytology is strongly supportive of a diagnosis of mesothelioma. Although it is not definitive, it can be used to support the diagnosis of malignancy in atypical mesothelial proliferations and at the very least negative staining for BAP1 in mesothelial cells in effusion cytology specimens should result in a high index of suspicion for the diagnosis of mesothelioma. We caution that BAP1 immunohistochemistry may be difficult to interpret in effusion specimens and that the presence of an internal positive control in non-neoplastic cells is an absolute pre-requisite before significance is placed on negative staining. Furthermore, we note that only approximately half of mesotheliomas will show the loss of staining for BAP1 and, therefore, positive staining for BAP1 cannot be used to exclude a diagnosis of mesothelioma.
